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Parabolic differential-functional inequalities
in viscosity sense

by KrzyszTOF ToPOLSKI (Gdarisk)

Abstract. We consider viscosity solutions for second order differential-functional
equations of parabolic type. Initial value and mixed problems are studied. Comparison
theorems for subsolutions, supersolutions and solutions are considered.

1. Introduction. Let 2 CR" be any open domain and 7" > 0, 79,7 €
R4 = [0,00) given constants. Define

Q. ={z eR" :dist(z,2) <r}, 62=02.\92, O6=(0,T)x1,
80 = [—TO,O] X .Q,«, (50@ = (O,T) X (509, I'= @0 U (50@, E=TIU®e.

(Note that if £2 = R™ then 2, = R", §00 = 6pf2 = () and I" = Oy.) Let
D = [-7,0] x B(r), where B(r) = {z € R" : |z| < r} and |- | is the
Euclidean norm in R™. For every z : E — R and (¢t,z) € © we define a
function z(; z) : D — R by z¢ 2)(s,y) = 2(t + 5,2 +y) for (s,y) € D.

For every metric space X we denote by C'(X) the class of all continuous
functions from X into R and by BUC(X) the class of all uniformly contin-
uous and bounded functions from X into R. We will write || - ||x for the
supremum norm. Let M(n) stand for the space of n x n real symmetric ma-
trices. Recall that A > B if for all £ € R™ we have (A, &) > (B¢, &) where
(-,-) denotes the standard inner product. For A € M(n) we denote by ||A||
the norm of A. Let F': © x R x C(D) x R" x M(n) — R be a continuous
function of the variables (¢, z,u,w,p, A) and g € C(I") be a given function.

We write C12(0) (resp. C12(E)) for the set of all functions from ©
(resp. E) into R with continuous derivatives Dyu, Dyu, D2u.

We consider the initial-boundary value problem

(1) Dz + F(t, 2, 2(t,2), 2(t,2), Da2(t, ), D22(t,z)) =0 in O,
(2) z(t,x) =g(t,x) inI.
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18 K. Topolski

Even though we say “initial-boundary value problem” it is an initial value
problem for © = (0,7) x R™.

Problem (1), (2) contains as a particular case equations with retarded
argument and a few kinds of differential-integral equations.

DEFINITION 1. A function v € C(F) is called F-subparabolic (resp.
F-superparabolic) provided for all ¢ € C12(0), if u — v attains a local
maximum (resp. minimum) at (¢o, o) € © then

F(t07x07u(t07x0)7u(to,l‘o)7D$/l/}(t07x0)7A)
> F(to,l’o,’LL(t(],xo),U(tO@O),Dx?ﬁ(to,ZE(]),B)
whenever A < B.

A function u € C(E) is called F-parabolic if u is both F-subparabolic
and F-superparabolic.

DEFINITION 2. A function v € C(E) is a viscosity subsolution (resp.
supersolution) of (1), (2) if uw is F-subparabolic (resp. F-superparabolic)
and provided for all ¢ € C1%(0), if u — ¢ attains a local maximum (resp.
minimum) at (to,xo) € O then

(3) Dyp(to, zo) + F(to, o, ulto, o), Uity z0)» Dap(to, To), D2p(te, z0) < 0
(resp. Dyp(to, zo)+F (to, zo, u(to, o), Uty z0)» Dap(to, o), Dag(to, o) > 0)
and

(4) u(t,x) < g(t,x) (resp. u(t,x) > g(t,x)) in I

DEFINITION 3. A function u € C(E) is a viscosity solution of (1),(2) if
u is both a viscosity subsolution and supersolution of (1), (2).

We denote by SUB(F, g), SUP(F, g), SOL(F, g) the sets of all viscosity
subsolutions, supersolutions and solutions of problem (1), (2).
The following is immediate:

REMARK 1. If u € C(E) N CY2(O) then u € SOL(F,g) (resp. u €
SUB(F, g),SUP(F,g)) if and only if u is a classical solution (resp. subso-
lution, supersolution) of (1), (2).

This notion of solution was first introduced by M. G. Crandall and
P. L. Lions in [4] and [6] for first order differential equations. The best
general reference for second order equations is [3].

There are two ways of estimating solutions for parabolic inequalities.
We can use one-variable or multi-variable comparison functions. The second
method is presented in [5]. This work is devoted to the first. The main result
for classical solutions were announced by J. Szarski in [7] and for functional-
differential equations by the same author in [8, 9]. Sufficient conditions for
the existence of classical solutions for functional-differential equations were
given by Brzychezy in [1, 2].
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2. Viscosity inequalities. A function w is said to satisfy condition “P”
ifw € C([0,T] xR ) is nondecreasing, positive and the right-hand maximum
solution of the problem

(5) Y (t) =w(ty(t), y(0)=o,
exists in [0, 7]. We will denote this solution by u(¢, o).

Write ™ = max(0,a), a~ = max(0, —a) for a € R. For G C R*"*! set
G ={(s,x) e G: —19 < s < t}.

PROPOSITION 1. Let a > 0 and h,H € C([0,a]). Assume that h is a
viscosity solution of ' < H (i.e. h is a viscosity subsolution of h' = H) in
(0,a). Then

t
h(t) <h(s)+\H(r)dr for0<s<t<a.

S

The proof can be found in [4], p. 12.
We will need the following

ASSUMPTION 1. 1) There ezists a function w satisfying condition “P”
such that for all (t,z,u,w) € @ x R x C(D), if u > 0 then

F(t,z,u,w,0,0) > —w(t,max(u, |[w'||p)).
2) For every R >0 and |u|,||w|p < R,
[F(t,z,u,w,0,0) — F(t,z,u,w,p, A)]* -0 asp,A—0
uniformly with respect to (t,x,u,w) € © x R x C(D).

THEOREM 1. Suppose that F satisfies Assumption 1 and z € BUC(E)N
SUB(F,g). Then

(6) Iz e, < ut,llg*lin)  fort €0, T].

Proof. Put
(7 M) =z lg,, M(t)=|z"lgz, Mot)=Iz"|F fortecl0,T]

Since z is uniformly continuous it follows that M, M, M, are continuous.
(Note that if 2 = R™ then My(t) = M(0).) It is evident that it suffices to
show (6) for t =T.

If M(T) < My(T) there is nothing to prove. Suppose that M(T) >
My(T). Since M (0) < My(0) there exists t* € [0,7") such that
(8)  M(t")= M(t") = My(t*) and M(t) > My(t) forte (t*,T).
We will show that
(9) M'(t) <w(t,M(t)) in viscosity sense for t € (t*,T)
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(i.e. M is a viscosity subsolution of ¥’ = w(t,y)). Let n€ C*((t*,T)) and
suppose M — n attains a local maximum at ¢ty € (t*, 7). Since M is nonde-
creasing it is clear that 7'(t9) > 0. We claim that

(10) 1'(to) < wto, M(to)).
Indeed, if n’(tg) = 0 then (10) is obvious. Let n'(ty) > 0. It follows from
Lemma 1.4 of [4] that we can find a nondecreasing function 77 € C1([t*,T7])
such that 7/ (to) = 1/ (to) and (M —7)(tg) > (M —7))(t) for t # to. To simplify
notation we continue to write 7 for 7.

Put I = [t*,T]. Define @ : I x 2 — R by

(11) D(t,x) = 2(t,x)" —n(t).
Let 6 > 0 and let (¢/,2) € I x {2 be such that &(¢',2') > sup® — 6. Put
(12) U(t,z) = d(t,x) +266(x)  for (t,z) € I x 2

where £ € C§°(R™), 0 <& <1, £(2') = 1, |DE|, ||D%¢|| < 1 and D&, D¢ are
the derivatives of . Since ¥ = @ outside the support of § and ¥(t',2") >
sup P + § there exists (t5,25) € I x 2 such that ¥(ts,z5) = sup¥. By the
compactness of I we can assume, taking a subsequence if necessary, that
ts —tasd — 0.

We claim that t = ty. Indeed, since
(13) 2(ts,xs)t —n(ts) +26 > z(s,x)" —n(s) fort* <s<tel
and 7(s) < n(t) we obtain, by (8),
(14) M(ts) —n(ts) +26 > M(t) —n(t) fortel.
Note that in view of (8), M(t) = sup{z*(s,z) : (s,z) € O, \ O} for t € I.
Letting 6 — 0 in (14) we get

M(t) —n(t) = M(t) —n(t) fortel,

which means by the definition of ¢y that ¢ = t.

It also follows from (13), (14) (for ¢ = ¢y) that

M((to) — n(to) > 111%15(1)1p z(ts, x5)" — n(to)

> ligniélfz(t(;,x(;)‘*' —n(to) > M(tg) — n(to),

which yields
(15) %in% 2(ts,x5)T = M(to).

Observe now that we may assume that x5 € §2. Indeed, if z5 — xg € o2
then z(to,z0)" < My(to) and by (15) we have M(tg) < My(to), which
contradicts (8). Moreover, by (8), (15) we can also assume that z* (ts5, x5) =
z(ts, xs) > 0. Put

AL, z) = n(t) — 20¢(x).
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Notice that z — A attains a local maximum at (t5,25) € (¢*,7) x £2. Since
Di\(ts,zs) =1 (ts), DyA(ts,xs) = —20DE(xs),
D2X(ts, x5) = —20D%¢(s)

and z € SUB(F, g) in © \ ;- we obtain

n'(ts) + Fts, zs, 2(ts, zs), Z(ts,ms)s —20DE(25), —20D%¢(z5)) <0
and
0 (ts) + Fts, x5, 2(ts, ©5), 2(t5,25)» —20DE(25), —20D?¢(5))

— F(ts, w5, 2(ts, 5), 2(t5,24), 0,0) + F(ts5, x5, 2(ts, s), Z(t5,25),0,0) < 0.
It follows from Assumption 1 that

' (ts) — wlts, max(2(ts, 25), 125, 4,y D)) — A5 <0
where As — 0 as 6 — 0. Hence,
(16) W (ts) — wlts, 154, lp) — As < 0.
Notice that
lim |25 o = M(to).
This fact follows from (15) and from the inequality
2(ts,w5)T < Hz(t,(;,x&)”D < z(ts,x5)T +26
where the right-hand estimate is a consequence of (13) (for ¢ = ¢5). Letting
d — 0 in (16) we get (10). It now follows from Proposition 1 (if we put
H(t) =w(t,M(t))) that
(17) M(t) < M(t") + § w(s,M(s))ds, te[t*,T],
i
which in view of (8) implies
(18) M(t) < My(T) + §w(s, M(s))ds forte [t*,T).
0

Since

M(t) < M(t") = My(t") < My(T) fort <t~
inequality (18) holds for ¢ € [0, 7). It follows from standard theorems that
M(t) < u(t,My(T)) forte[0,T).
Putting ¢t = T we complete the proof.
REMARK 2. If we assume that ||g*||r, < p(t, |97 ]r,) for t € [0,T] then

(19) Iz 1z, < e lg™ lir)-
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Proof. It follows from (17) and (8) that

M(t) < p(t*, Mo(0)) + {w(s, M(s))ds fort € [t*,T]

and as a result
M(t) < pu(t: , u(t*, Mo (0))) = plt, Mo(0))  for t € [t*,7]

(
where p(t;t*, u(t*, Mo(0))) denotes the right-hand maximum solution of (16)
thI’OUgh (t*v /L(t*7 MO (0)))

ASSUMPTION 2. 1) There ezists a function w satisfying condition “P”
such that for all (t,z,u,w) € @ x R x C(D), if u <0 then

F(t,z,u,w,0,0) < w(t,max(u, |[w™||p))-
2) For every R >0 and |u|, ||w|p < R,
[F(t,z,u,w,0,0) — F(t,z,u,w,p,A)]” -0 asp,A—0
uniformly with respect to (t,x,u,w) € © x R x C(D).

COROLLARY 1. Suppose that F satisfies Assumption 2 and z€ BUC(E)N
SUP(F, g) then

(20) 127 e, < pltllg~lln)  fort [0, T].
Moreover, if we assume that g~ ||r, < p(t, g~ ||r,) fort € [0,T] then
(21) 127 e < plts llg™ [Ir)-

Proof. Notice that if z € SUP(F, g) that —z € SUB(F, —g) where
(22) F(t,z,u,w,p, A) = —F(t,z, —u, —w,—p, —A).

It is easy to check that F' satisfies Assumption 2 if and only if F satisfies
Assumption 1. Therefore Theorem 1 and Remark 2 imply (20) and (21).

Let us now introduce:

ASSUMPTION 3. 1) There ezists a function w satisfying condition “P”
such that for all (t,z,u,w) € @ x R x C(D), if u > 0 then

F(t,z,u,w,0,0) > —w(t,max(|ul, |w|p)),
and if u < 0 then
F(t,z,u,w,0,0) < w(t,max(|ul|, |w]p))-
2) For every R >0 and |u|,||w|p < R,
F(t,z,u,w,p,A) — F(t,z,u,w,0,0) asp, A—0
uniformly with respect to (t,x,u,w) € © x R x C(D).
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THEOREM 2. Suppose that F' satisfies Assumption 3 and z € BUC(E) N
SOL(F,g). Then

(23) Izl < p(t lgllr,)  fort €[0,T].
Moreover, if [|g|r, < u(, |l9llr,) for t € [0,T] then
(24) 12l < w(t llgllr)-

Proof. The proof follows by the same method as for Theorem 1. The
only difference is that we put |z| in place of z*. Now, we have

M(t) = |lzllg,, M(t)=lzlz,, Mo(t)=|lzll7, forte[0,T],
@(tvx) = ’Z(tvx)’ - n(t),

and since |z(t5, zs5)| > 0 we consider two cases z(t5,2s5) > 0 and z(t5, z5) < 0.
Both lead in view of Assumption 3 to (23) and (24).

3. Comparison results. Let F, F : © x R x C(D) x R® x M(n) — R
and ¢,g : I' — R be continuous functions.

ASSUMPTION 4. 1) There ezists a function w satisfying condition “P”
such that for all (t,x,u,w,p, A), (t,z,v,2,p,A) € O x R x C(D) x R™ x
M(n), if u> v then

F(t,x,u,w,p, A) - F(t,x,v,z,p, A) > —w(t,max(\u - U‘? H(w - Z)+HD))‘

2) For every R > 0 and |u|, ||lw|lp < R, F(t,z,u,w,-,-) is continuous
uniformly with respect to (t,x,u,w) € © x R x C(D).

ASSUMPTION 5. 1) There exists a function w satisfying condition “P”
such that for all (t,z,u,w,p, A), (t,z,v,z,p,A) € OXRXC(D)xR"x M(n),
if u > v then

F(t,x,u,w,p, A) - F(tv$7v) 2D, A) > _w(t7max(|u - U|7 ||w - Z||D))7
and if u <wv then

F(t7x7u7w7p7 A) - F(th?va Z, D, A) < w(t,max(\u - U‘? Hw - Z”D))

2) F(t,x,u,w,,-) and F(t,z,u,w,-,-) are continuous uniformly with re-
spect to (t,z,u,w) € @ x R x C(D) for every R > 0 and |ul, ||w||p < R.

THEOREM 3. Suppose that F and F satisfy Assumption 4 and u €
BUC(E)NSUB(F,g), v € C+?(©) NBUC(E) N SUP(F,q). Then

(25) l(w—=v) e, < utlllg—9) ) fortel0,T].
Moreover, if [[(g — )" Ir, < u(t, (g =) llr,) for t €[0,T] then
(26) I(w =) lle, < ut 19— 9) " lIn)-
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Proof. It is easily seen that w* = u — v € SUB(F[v],g —g) where

Flo)(t,z, z,w,p, A)
= F(t, 2,z +v(t,2),w + V(0. p + Dyv(t,z), A + D2v(t, z))

— F(t,z,v(t, ), V(t,z) Dav(t, x), D2y(t,z))

satisfies Assumption 1. Theorem 1 and Remark 2 imply the desired asser-
tions.

Similar reasoning yields

THEOREM 4. Suppose that F and F satisfy Assumption 5 and u €
BUC(E) N SOL(F, g), v € C12(0) N BUC(E) N SOL(F,q). Then

(27) lu— vl < ptllg—3lr) fortel0,T].

Moreover, if g — llr, < u(t, g —llr,) for t € (0,7 then
(28) lu—vllg, <t llg —Flr).

REMARK 3. For first order equations (with F, F not depending on A)
some results, which are not consequences of the above, are presented in [10].

REMARK 4. The above results may by extended to weakly coupled sys-
tems of differential-functional equations.
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